The South African Angora goat industry makes the largest contribution to global mohair production. Mohair is a luxury fibre and production of a high quality clip is essential. For many years genetic improvement of Angoras in South Africa was based on quantitative selection. Genome mapping efforts provided new avenues for improvement and a quantitative trait loci (QTL) study was initiated to identify QTL associated with mohair traits. The aim of this study was to describe the genetic diversity of the reference population using the available stud and commercial herds with full phenotypic records. The most appropriate QTL design was identified based on the population structure with regard to the families and number of bucks available for breeding. Four herds, consisting of 1067 pure bred goats in 12 half-sib families, were included. Blood samples were obtained from the herds, 94 markers were tested and diversity parameters were estimated. The average number of alleles per marker varied between 5.4 and 7.2 amongst the herds, whereas the observed heterozygosity varied between 0.59 and 0.67. The genetic structure of these herds was found appropriate for use as a reference population as they showed sufficient genetic variability.
Introduction
South Africa is the major producer of mohair in the world, with a contribution of between 55% and 60% of the product to the world market (Loots, 2007) . It is therefore imperative to maintain a good quality clip through selection for the desired Correspondence to: C. Visser, Department of Animal and Wildlife Sciences, University of Pretoria, Pretoria 0002, South Africa. email: carina.visser@up.ac.za mohair traits, that largely depend on accurate genetic improvement programs. For many years quantitative studies and research were undertaken with regard to mohair traits and production of Angora goats, and the results contributed to increased and improved production (Snyman and Olivier, 1996; Snyman, 2002) . Despite the progress made with quantitative selection, it has certain limitations, including the selection of breeding values does not account for population effects or genetic diversity and selection is optimised for a general response in the next generation, rather than the highest long-term response (Andersson, 2001) . Advances in genomics have provided new opportunities for animal geneticists and breeders where knowledge of the underlying molecular mechanisms of fibre and fleece characteristics should lead to more efficient selection programs in the long term (Purvis and Jeffery, 2007) . Microsatellite markers have been widely applied as a suitable DNA marker for diversity and genome-wide studies in goats (Iamartino et al., 2005) , because no single nucleotide polymorphisms are yet available for this species (Maddox and Cockett, 2007) .
Quantitative trait loci (QTL) studies have been performed in poultry and beef and dairy cattle for some time (Sonstegard et al., 2001; Tuiskula-Haavisto et al., 2002; Casas et al., 2004; Boichard et al., 2006) , and the prerequisites include a suitable reference population. It is also requisite to test for sufficient within-breed variation of the reference population, because this knowledge is the first step towards responsible exploitation of domestic animal biodiversity (Beuzen et al., 2000; Iamartino et al., 2005; Li et al., 2008) . The necessity of global diversity surveys for further integration into QTL detection studies was also highlighted by Gibson (2003) (http://www.fao.org/biotech/docs/Gibson.pdf ).
A QTL identification study was identified in South African Angoras for potential QTL affecting mohair traits. The most appropriate designs for outbred populations with relatively large families are full-or half-sib designs (Weller, 2001) . The challenge of these designs is that there is a force towards a small number of sire families with large progeny groups, but there is the probability that the sires used in the project are not heterozygous (Bovenhuis, 2005) . A half-sib design was identified as being the most appropriate for the South African Angora industry.
The aim of this paper was to describe the establishment of the reference population for QTL research in South Africa through the appropriate selection of stud families and evaluation of the genetic variation within the herds using microsatellite markers.
Material and Methods

Selection of suitable herds
The majority of Angora goats are farmed in the Eastern Cape province of South Africa. This region referred to as the Karoo has a dry climate and bush type vegetation, that is suitable for Angora goat production. Angora goat breeders taking part in the National Small Stock Performance Scheme were approached in the selection of the herds for this study. Only families with complete pedigree and phenotypic records were considered for inclusion. The breeders agreed to use at least two of the same bucks over a 3-year period to generate sufficient offspring for the reference population. Phenotypic recordings were made on growth (birth and weaning weights, average daily gain) and mohair (fleece weight, fibre diameter, staple length, standard variation of fibre diameter etc.) traits for all goats.
Animal sampling and genotyping Blood samples were collected over a 3-year period from the animals of the selected herds, and the blood was stored in a DNA bank for small stock research (GADI, National Department of Agriculture). A total of 1124 individual blood samples were used in the study from four different Angora stud herds with suitable families, sufficient progeny and required records.
DNA was extracted from whole blood using the Qiagen DNEasy Tissue kit at the University of Pretoria and the Invisorb blood mini HTS kit (Invitek) for the XtractorGene (Corbett Robotics) at Wageningen University and Research Center according to the protocols of the respective manufacturers. An initial volume of 100 µl of blood was used for both protocols.
DNA samples were amplified with 94 microsatellite markers as selected for the QTL study. Incorrect parentage attributable to recording errors and overmating was identified with Cervus 3.0, and all aberrant individuals were removed from the study. Markers were selected on levels of polymorphism, heterozygosity, allele size range and amplification success. The markers were divided into 8 genotyping sets, averaging 12 markers per set. Polymerase chain reaction (PCR) was performed in an I-Cycler (Bio-Rad) and Ti Thermocycler (Biometra) using 100 ng of DNA, 2.94 µl of ABgene ® PCR Master Mix (ABGene, UK) and 0.03 µl each of 40 pmol/µl reverse and forward primer. The PCR amplification was conducted in a 6-µl final volume in 384-well PCR plates under the following conditions: 95°C for 5 min followed by 35 cycles of 96°C for 30 s, 45 s at annealing temperature and 90 s at 72°C with a final extension step of 10 min at 72°C.
Statistical analysis
The statistical power of a half-sib design depends on the number of sires used, offspring per sire and statistical parameters (i.e., the heritability of traits, heterozygosity and magnitude of the QTL; acceptable type 1 error and the marker-QTL recombination fraction). The statistical power was calculated using the 'Power of Daughter Design' software by Bovenhuis (2005) .
The genetic variability of the families selected for the reference population was analysed using MS toolkit (Park, 2001) . The genetic parameters which were estimated included allelic frequencies, mean number of alleles and heterozygosity values per locus and for each population. The polymorphic information content for each locus and across loci were estimated using Cervus 3.0 software (Marshall et al., 1998) .
The FSTAT 2.9.3 program (Goudet, 1995) was used to compute Wright's F statistics for each locus, including F, θ and f, that are analogous to Wright's (1978) F IT , F ST and F IS , respectively. The statistical significance of the obtained values was estimated by bootstrapping using 1000 replications.
Population structure and F ST values were inferred by using the structure program (Pritchard et al., 2000) , a Bayesian approach based on the genotypes of the individuals collected. Individuals were assigned to K (unknown) populations, where K was varied across runs of the program, and individuals had membership assigned to them over all of the different clusters (number of clusters = K). The sum of the probabilities to belong to a population equals one. The structure program was run with 10 6 iterations and a burn-in period of 10 000 iterations to assure a random starting point for the algorithm. The runs were repeated 20 times for 2 > K < 10 to check the consistency of the results. An admixture ancestry model was assumed, that provides for the individuals to have mixed ancestry. This is modeled by assuming that a certain individual (i) has inherited some fraction of its genome from ancestors in population k.
Results and discussion
The results obtained from testing for statistical power (Power of Daughter Design, Bovenhuis, 2005) of the halfsib design in this study were based on a heritability of 0.32, a type 1 error of 0.05 and a recombination fraction of 0.1. A 12 sire design with approximately 100 offspring per sire was predicted to yield sufficient (0.910) power to detect QTL, and this was identified as the most appropriate experimental design for QTL detection in the South African Angora goat population. The family structure of the four stud herds with full phenotypic and pedigree information selected for the reference population is provided in Table 1 . These animals were part of 12 half-sib families, ranging between 44 and 140 offspring with an average of 88 half-sib offspring per sire. All possible sires were screened for heterozygosity over loci, and sires with the highest heterozygosity values were selected.
A total of 800 alleles from 94 loci were detected in the 1067 individuals which were genotyped. All markers were found to be polymorphic in each of the four evaluated herds. The number of alleles identified per locus averaged 7.99, with a variation from 2 (BM4630) to 23 (INRA011).
The mean polymorphic information content value across loci was 0.57, indicating a medium level of information (Table 2) Table 2 . The mean θ value (= 0.069, range = 0.002-0.161) was similar to that found by Gour et al. (2006) , but it was marginally higher compared to other previously reported estimates in goat breeds (Kumar et al., 2005; Martinez et al., 2006; Dalvit et al., 2008) . The highest within-population fixation index ( f ) was estimated for BM4630 (0.175), that indicates a heterozygote deficit. Of the 94 markers, 74 showed negative f values, indicating no inbreeding but rather outbreeding. Overall, the microsatellite loci included were useful to obtain a reliable assessment of the genetic variability within the population.
Genetic variability in the South African reference population was relatively high with the average number of alleles varying between 5.41 and 7.21 in the four herds. The estimated unbiased hetereozygosity or gene diversity was well above 60%, except for one herd with a value of 56.5%. These levels of heterozygosity for the different (Table 3) were on the same order as that reported by Martinez et al. (2006) for Canary goat populations; but they were lower compared to values reported by Iamartino et al. (2005) for Italian goat populations, Li et al. (2008) for Chinese goat breeds and Dalvit et al. (2008) for Alpine sheep breeds. With regards to population subdivision, the F ST value (0.182) for herd 2 indicated a reduction of heterozygosity which supports the unbiased heterozygosity estimation (Hartl, 1988) . These levels of heterozygosity exceeded expectations as the Angora goat population in South Africa is relatively small, and high selection pressure has been applied to the animals over several generations.
The population structure and level of admixture were estimated using the structure program. The most likely number of clusters (K) was four ( Figure 1 ) and inferred by the lnPr(X/K ) value. The variability of this value across runs for a given K gives a good indication of the most likely number of clusters for the population. The smallest K with the least variability is often the one that bests explains the data (Pritchard et al., 2000; Sollero et al., 2009) , as was the case when K = 4. Table 4 shows the proportion of individuals of each of the herds in the four most likely clusters inferred by the structure program, and this corresponded to the four different herds included in the study. Herd 1 were mostly divided between clusters 1 (69%) and 3 (28%). A total of 97% of herd 2 was assigned together in cluster 2, whereas 96% of the population of herd 4 belonged to cluster 4. Animals in herd 3 were almost equally divided amongst clusters 1 (31%), 3 (36%) and 4 (31%). The considerable gene flow between herds 1 and 3 (as well as their almost identical F ST values) are most likely due to interchanging bucks during successive mating seasons, resulting in a lack of divergence attributable to the recent common ancestors of offspring. In contrast, herd 2 formed an individual cluster with a high F ST value, that was probably due to the breeder buying in new bucks on an annual or bi-annual basis. The sources of this new genetic material are probably not included in this study.
The genetic structure of these herds was appropriate for use as reference populations because the genetic diversity was sufficient and the herds showed a level of differentiation. The levels of genetic diversity compared favourably with genetic diversity studies performed previously on various goat populations, indicating that there is a possibility to exploit natural variation on the molecular level within the population for improved production.
Current selection in the Angora goat breed in South Africa aims to establish a balance between production and survival traits because there is a limit to the harshness of the environment in which animals can produce viable amounts of mohair and a limit to the quality of mohair that such an adapted animal will be able to produce. Although the focus of the current project is on mohair production, all recorded traits (including body weights and efficiency parameters) will be included in future research programs. South Africa needs to develop a competitive, sustainable fastgrowing economy and therefore needs to apply available modern technology. This study was the first attempt to explore the genetic variation available within the Angora goat reference population.
Conclusion
This study confirmed that there is sufficient genetic diversity within the South African Angora goat reference population to utilise molecular research in the genetic improvement of the breed. The establishment of this reference population forms part of a comprehensive, integrated approach in which both quantitative and molecular tools are applied for genetic improvement of South African Angora goats. An in-depth knowledge of the genetic diversity of the analysed populations will help to structure future molecular studies on this newly established reference population. 
